INTRODUCTION {#SEC1}
============

Long noncoding RNA (lncRNA) is a class of large transcripts (\>200 nucleotides) with limited protein-coding potential. Many thousands of lncRNAs are pervasively transcribed from the human genome ([@B1]), and dozens of them have been reported to function in both physiological and pathological processes ([@B2],[@B3]). LncRNAs play crucial roles in multiple steps of gene regulation by serving as guides of chromatin-modifying complexes ([@B4]) and transcription factors ([@B7]), scaffolds of protein-protein interactions ([@B9]), decoys of proteins ([@B12]), sponges for miRNAs ([@B15]), etc. Aberrant expression of lncRNAs is common in cancer ([@B19]), and lncRNAs have been found to involve in various aspects of cancer development such as cell growth, survival, invasion and metastasis ([@B5],[@B14],[@B20],[@B21]). Although lncRNA has been widely acknowledged as a new contributor to human cancer, only a small number of lncRNAs have been functionally characterized in colorectal cancer (CRC), and most of their mechanisms are largely unknown.

The stability of mRNA is controlled by dozens of RNA-binding proteins (RBPs) ([@B22]). Dysregulation of these RBPs, which can lead to aberrant expression of cancer-related genes, has been widely observed in cancer ([@B23]). HuR (ELAVL1), the ubiquitous member of the Hu/ELAV (human/embryonic lethal abnormal vision) RBP family, is a positive regulator of RNA stability that has been widely implicated in cancer progression. In the cytoplasm, HuR binds to the AU-rich elements (AREs) in the 3′UTRs of thousands of its target mRNAs ([@B24],[@B25]), including numerous mRNAs that are involved in diverse biological processes of carcinogenesis ([@B25]). Elevated cytoplasmic HuR protein level has been observed in many types of cancers ([@B26]). In CRC, increased HuR protein in cytoplasm associates with advanced tumor (T) stage ([@B27]), and importantly, overexpression of HuR increased the growth of colon cancer cells in a nude mouse xenograft model ([@B28]). The level of HuR protein was found to be modulated by the ubiquitin-proteasome pathway ([@B29]), and β-TrCP1 was shown to be the ubiquitin E3 ligase that targets HuR for degradation ([@B30]).

Overexpressed in colon carcinoma-1 (OCC-1) (also known as ADG3 ([@B31])) was first identified as a lncRNA that overexpressed in a subset of colon carcinomas ([@B32]). However, the function of OCC-1 in CRC has not been fully investigated yet. Here, we found that OCC-1 suppresses CRC cell growth both *in vitro* and *in vivo*. OCC-1 exerts its function by binding to HuR and enhancing its interaction with the ubiquitin E3 ligase β-TrCP1, which leads to HuR ubiquitination and degradation. The degradation of HuR caused by OCC-1 further reduces the levels of HuR target mRNAs, including the mRNAs directly associated with cancer cell growth.

MATERIALS AND METHODS {#SEC2}
=====================

Gene expression and clinical data {#SEC2-1}
---------------------------------

The RNAseq gene expression (HiSeqV2) and clinical data of CRC (COADREAD) were downloaded from The Cancer Genome Atlas (TCGA) hub, UCSC Xena (<https://xenabrowser.net/datapages/>). The microarray gene expression data (GSE39582) were downloaded from Gene Expression Omnibus (GEO, <https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39582>). The microarray data were based on Affymetrix Human Genome U133 Plus 2.0 Array in which OCC-1 expression was measured by probe 225105_at. Primary tumor samples in these two data sets were used for analysis.

Cell culture {#SEC2-2}
------------

Human CRC cells Caco-2, HCT116, HT-29, RKO, SW480 and SW620 were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured under the conditions recommended by the provider. The human embryonic kidney cell line 293T (HEK-293T) was cultured in DMEM (Gibco) media supplemented with 10% fetal bovine serum (FBS, Excell), 100 U/ml penicillin and 100 μg/ml streptomycin (Hyclone).

Cells were transfected with Lipofectamine 2000 (Invitrogen) following the manufacturer\'s protocol. For the generation of shRNA lentiviruses, HEK-293T cells were co-transfected with pLKO.1 shRNA vectors (Addgene) and packaging plasmids, psPAX2 and pMD2.G (Addgene). Caco-2 and HCT116 cells were transduced with shRNA lentiviruses for RNA interference or transfected with plasmids for OCC-1 expression. Then, the cells were selected by 1 μg/ml puromycin (Sigma) for 5 days. After selection, cell pools were grown in media without puromycin for 24 h before further analysis or treatment. To inhibit protein synthesis or degradation, cells were treated with either cycloheximide (CHX, 50 μg/ml) for 24 h or MG132 (20 μM) for 6 h along with DMSO vehicle controls.

Plasmid construction {#SEC2-3}
--------------------

For RNA interference, shRNA expression vectors were generated by annealing and inserting shRNA oligonucleotide pairs into pLKO.1 vector. The target sequences of shRNAs are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

For the expression of OCC-1 RNA, the cDNA sequence containing OCC-1 5′UTR and ORF was synthesized by Genewiz Inc. (Suzhou, China) with a FLAG sequence fused in-frame to the 3′ end of the ORF. The OCC-1 3′UTR cDNA sequence was amplified by PCR from Caco-2 cDNA. The full-length FLAG tagged OCC-1 cDNA (FL) was generated by adapter ligation PCR using above two cDNA fragments as templates. A control vector containing only the ORF-FLAG coding sequence (ORF) was constructed by PCR subcloning. Meanwhile, we also generated a construct expressing a frameshift mutant of FL (FS) in which the G immediately after the initial codon was eliminated by ligation PCR to disrupt the ORF entirely. FL and FS shOCC-1-1-resistant mutants (FL^+^ and FS^+^) were generated by PCR-mediated transversion mutation of the central three bases CAT to GTA in their shOCC-1-1 target sequences.

For ubiquitination assay, ubiquitin (Ub) and HuR cDNA sequences were also amplified by PCR using Caco-2 cDNA, and HA and FLAG tag sequences were added in-frame to their N-terminal (HA-Ub and FLAG-HuR), respectively. All above cDNAs were cloned into a vector containing a puromycin resistance cassette and were under the control of CMV promoter. The sequences of these cDNAs were verified by Sanger sequencing.

Reverse transcription-quantitative PCR (RT-qPCR) {#SEC2-4}
------------------------------------------------

RNA was extracted using TRIzol reagent (Invitrogen), treated with DNase I (Thermo Scientific) and converted into cDNA using random hexamer primers and RevertAid M-MuLV reverse transcriptase (Thermo Scientific). cDNA was quantified by SYBR green I master mix (FOREGENE) and gene-specific primers ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) on the StepOnePlus System (Applied Biosystems). PCR amplification reactions were all run in triplicates for each cDNA sample. For comparison, RNA level was first normalized to GAPDH mRNA, and the relative RNA level was determined by setting controls as 1.

Fluorescent in situ hybridization (FISH) {#SEC2-5}
----------------------------------------

FISH was conducted using RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) according to the manufacturer\'s recommendations. In brief, Caco-2 and HCT116 cells were cultured on chamber slides (Thermo Scientific) for 24 h, then fixed with 4% paraformaldehyde for 30 min, treated with Hydrogen Peroxide for 10 min and digested with Protease III (1:15) for 10 min. RNAscope probes for OCC-1 was added to the cells and hybridized was carried out at 40°C for 2 h in the HybEZ Oven (Advanced Cell Diagnostics). After a series of signal amplification with AMP 1 to 3, cells were incubated with HRP-C1 and then the signal was developed using TSA Plus Cyanine 3 (red, 1:1500, PerkinElmer). Finally, cells were blocked with HRP Blocker, and nuclear were counterstained with DAPI (blue).

Cell Counting Kit-8 (CCK-8) {#SEC2-6}
---------------------------

Cell proliferation was measured by CCK-8 (Dojindo) according to the manufacturer\'s instructions. Briefly, Caco-2 and HCT116 cells were seeded in triplicates in 96-well plates at 6000 cells/well. Cell culture media were changed into fresh media containing 10% (v/v) CCK-8 reagent at indicated times. After a 2 h incubation under the culture condition, the absorbance at 450 nm of each well was measured on a microplate reader. The mean value of the wells with media alone was used as background and was subtracted from the absorbances of the wells containing cells.

Ki67 staining {#SEC2-7}
-------------

For cultured cells, Ki67 staining was carried out using a Ki67 Cell Proliferation Kit (Sangon Biotech, China) according to the manufacturer\'s recommendations. In brief, cells were rinsed with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 10 min. After blocking with 10% FBS in PBS for 1 h, cells were incubated with a rabbit anti-Ki67 antibody (1:100, Sangon Biotech) overnight at 4°C followed by an incubation with a Cy3-conjugated goat anti-rabbit IgG (red, 1:100, Sangon Biotech) for 1 h. Nuclear were counterstained with DAPI (blue).

For tumors from mice model, Ki67 were detected by standard immunohistochemistry protocols. Slides were deparaffinized, hydrated and boiled in EDTA buffer (pH 9.0) for 2 min for antigen retrieval. After treated with 3% H~2~O~2~ for 25 min, slides were blocked with 3% BSA for 30 min, and then incubated with a rabbit anti-Ki67 antibody (1:100, GB13030-2, Servicebio, China) overnight at 4°C, followed by an incubation with HRP-conjugated secondary antibody (Servicebio) for 50 min. Then, the signal was developed by in DAB (brown) solution for 5 min and the nuclear were counterstained with hematoxylin (blue).

Colony formation assay {#SEC2-8}
----------------------

Colony formation assay was performed as previously described ([@B33]). Caco-2 and HCT116 cells were seeded at 500 cells/well in 6-well plates and cultured for 12 days. The colonies were fixed with 4% paraformaldehyde for 10 min, stained with 0.1% crystal violet for 5 min and washed twice with PBS. The numbers of colonies containing more than 50 cells were counted.

Fluorescence-activated cell sorting (FACS) analysis {#SEC2-9}
---------------------------------------------------

Cell cycle distribution was profiled using propidium iodide (PI) staining followed by FACS analysis. In brief, cells were trypsinized into single cell suspension, rinsed extensively with ice-cold PBS and fixed in ice-cold 70% ethanol for 2 h. Then, the cells were treated with RNase A (100 μg/ml) at 37°C for 30 min, stained with PI (sigma) at 4°C for 30 min and subjected to FACS analysis using a BD cytometer (BD Biosciences). The resultant data were analyzed using FlowJo software (Treestar).

Tumorigenesis in nude mice {#SEC2-10}
--------------------------

BALB/c nude mice (5 weeks old) were housed and maintained under special pathogen-free (SPF) condition. All animal experimental procedures were approved by the Animal Care and Use Committee of Sichuan University. OCC-1 knockdown and control cells were trypsinized into single cell suspension and resuspended in PBS with a concentration of 6 × 10^6^/150 μl for Caco-2 and 2 × 10^6^/150 μl for HCT116 cells. Mice were randomly divided into groups (*n* = 6 for each group) and injected subcutaneously in the right flanks with 150 μl of the cell suspensions. Tumors were measured every 3 days with a slide caliper and tumor volume was calculated by the formula: volume (mm^3^) = 0.5 × length × width^2^. After 27 days, mice were sacrificed and tumors were dissected, photographed and weighted.

Microarray mRNA expression analysis {#SEC2-11}
-----------------------------------

Global mRNA expression was analyzed by the PrimeView Human Gene Expression Array (Affymetrix). Total RNA was converted into cRNA and labeled with biotin using MessageAmp Premier RNA Amplification Kit (\#1792, Ambion) according to the manufacturer\'s instructions. The fragmented cRNAs were hybridized on the gene chip, and then the chip was washed and stained following the manufacturer\'s standard protocol. The fluorescent signal was scanned by GeneChip Scanner 3000 (Affymetrix) and converted into digital data (.CEL) using Affymetrix GeneChip Command Console (AGCC) software. The resulting data were preprocessed using Robust Multi-array Average (RMA) ([@B34]) algorithm. The fold change (FC) of gene expression in shOCC-1 cells was calculated relative to shCTRL cells. A gene was defined as differentially expressed if its log~2~\|FC\| \> 0.5.

Gene ontology (GO) enrichment analysis was performed using clusterProfiler ([@B35]), an R/Bioconductor package. We further reduced the redundancy of the enriched GO terms using GOSemSim ([@B36]) package, which computes the semantic similarity among GO terms.

Western blot analysis {#SEC2-12}
---------------------

For detection of endogenous OCC-1 polypeptide in CRC cells, western blot was performed according to the previous report in which the polypeptide was identified ([@B31]) using three commercially available primary antibodies (ab83945, ab83948 and ab177759, Abcam) raised against three different regions of human OCC-1 polypeptide.

For detection of other proteins in this study, western blot was performed according to standard methods. In brief, proteins were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto PVDF membranes (Bio-Rad) and incubated overnight at 4°C with corresponding antibodies: anti-FLAG M2-HRP (1:2000; A8592, Sigma), anti-GAPDH-HRP (1:30000; HRP-60004, proteintech), anti-ACTB (1:5000; 60008-I-Ig, proteintech), anti-HuR (1:1000; ab136542, Abcam) and anti-β-TrCP1 (1:1000; 1B1D2, 37--3400, Thermo Scientific). A HRP-conjugated sheep anti-mouse IgG secondary antibody (1:5000; SA00001-I, proteintech) was used for the detection of ACTB, endogenous HuR and β-TrCP1. The protein signals were detected using ECL chemiluminiscent substrate (FOREGENE).

RNA pull-down assay {#SEC2-13}
-------------------

RNA pull-down assay was carried out as previously described ([@B11]). Briefly, the relative long 918-nucleotide OCC-1 3′UTR RNA was synthesized and labeled with Biotin RNA Labeling Mix (Roche) by *in vitro* transcription. The biotin-labeled RNA (1 μg) was first folded in RNA structure buffer (20 mM Tris--Cl \[pH 7.0\], 0.2 M KCl and 20 mM MgCl~2~) and then incubated with Caco-2 whole-cell lysate at 4°C for 1 h with rotation. Caco-2 cell lysate was prepared by briefly sonicating 10 million cells in 1 ml IP buffer (25 mM Tris \[pH 7.4\], 0.15 M NaCl, 0.5% NP-40, 0.5 mM DTT and 1× complete protease inhibitors \[Roche\]) supplemented with 100 U/ml RNase Inhibitor (Thermo Scientific). After incubation, RNA-protein complexes were retrieved by streptavidin-coupled T1 beads (Dynabeads), washed five times in IP buffer and eluted in Laemmli buffer. The binding proteins were separated by SDS--PAGE and visualized by silver staining. Protein bands presented only in the OCC-1 3′UTR sample but not in the EGFP RNA and beads-only controls were excised and identified by liquid chromatography--tandem mass spectrometry (LC--MS/MS).

Immunoprecipitation (IP) {#SEC2-14}
------------------------

RNA IP (RIP) for HuR protein was performed under native condition without crosslinking. Caco-2 whole-cell lysates were prepared as described in the RNA pull-down assay. 2 μg anti-HuR antibody (ab136542, Abcam) or normal mouse IgG (A7028, Beyotime, China) was incubated with 1 ml cell lysates at 4°C for 4 h with rotation. Immune complexes were retrieved by protein G beads (Dynabeads), washed three times in IP buffer and once in LiCl wash buffer (25 mM Tris \[pH 7.4\], 0.25 M LiCl, 1% NP-40 and 1% deoxycholate). After an additional final wash in IP buffer, the beads were directly resuspended in TRIzol reagent and subjected to RNA extraction. Then, RT-qPCR analysis was performed and the RNA levels in IP samples were normalized to input samples.

HA-Ub IP for ubiquitination assay was carried out with modifications. Ten million MG132-treated Caco-2 cells co-transfected with HA-Ub and FLAG-HuR expression vectors were directly boiled in 0.2 ml SDS lysis buffer (25 mM Tris \[pH 7.4\] and 1% SDS) and sonicated to dissolve. After 10 times dilution in IP buffer, the cell lysates were incubated with 5 μg anti-HA antibody (340451, Zen BioScience) or normal rabbit IgG (A7016, Beyotime) overnight at 4°C. The ubiquitinated proteins were retrieved, washed as described above, eluted in Laemmli buffer and subjected to western blot using the anti-FLAG antibody to detect ubiquitinated FLAG-HuR.

Co-IP for HuR and β-TrCP1 was also performed under native condition. Ten million Caco-2 cells were lysated in 0.3 ml IP buffer and incubated with 5 μg anti-HuR antibody (ab136542, Abcam) or 20 μl anti-β-TrCP1 (1B1D2, 37-3400, Thermo Scientific) at 4°C overnight with rotation. After retrieved by protein G beads (Dynabeads), the IP complexes were washed 5 times in IP buffer, eluted in Laemmli buffer and subjected to western blot analysis.

Statistical analysis {#SEC2-15}
--------------------

All statistical analyses were carried out using SPSS Statistics version 20 (IBM). Data are presented as mean± standard deviation of three independent experiments. Significant difference of means between two groups was determined using two-tailed Student\'s *t*-test. Fisher\'s exact test was used to calculate the significance of the enrichment of OCC-1-repressed genes in the HuR consensus targets. *P* \< 0.05 was considered statistically significant. \**P* \< 0.5 and \*\**P* \< 0.01.

RESULTS {#SEC3}
=======

Downregulation of OCC-1 associates with advanced tumor T stage in CRC {#SEC3-1}
---------------------------------------------------------------------

To investigate the clinical relevance of OCC-1 in CRC, we first analyzed OCC-1 expression using RNAseq gene expression data from TCGA which contain a large number of CRC samples mainly collected from USA. The result showed that OCC-1 expression is significantly downregulated in the samples with advanced T stage (stage II to IV) compared to carcinoma *in situ* (Tis) and stage I tumors (*P* = 0.04, Figure [1A](#F1){ref-type="fig"}, *left*). We also analyzed OCC-1 expression using an GEO microarray gene expression dataset (GSE39582) containing another independent group of CRC samples collected from France. In consistent, the level of OCC-1 is significantly lower in the advanced T stage tumors (*P* = 0.02, Figure [1A](#F1){ref-type="fig"}, *right*). These results indicate that OCC-1 is associated with the early development of CRC.

![OCC-1 plays a tumor suppressive role in CRC. (**A**) Analysis of two independent gene expression data sets of clinical samples revealed that OCC-1 expression was significantly downregulated in tumors with advanced tumor (T) stage in CRC. Tis, carcinoma *in situ*. (**B**) RNA FISH revealed that OCC-1 is predominantly localized in the cytoplasm of Caco-2 and HCT116 cells (Scale bar, 20 μm). (**C**) RT-qPCR analysis showed that OCC-1 RNA level was efficiently reduced by two independent shRNAs in Caco-2 and HCT116 cells. shCTRL, a non-target shRNA control. (**D**) CCK-8 assay demonstrated that cell proliferation was significantly increased after knockdown of OCC-1 in Caco-2 and HCT116 cells. (**E**) Ki67 staining showed that the proportions of Ki67-positive proliferating cells were significantly higher in OCC-1 knockdown cells compared to their control cells. (**F**) FACS analysis revealed the cell cycle distribution of Caco-2 cells after OCC-1 knockdown. (**G**) Colony formation assay showed that OCC-1 knockdown cells formed more colonies than the control cells. Images are the result of one representative experiment. Data are presented as mean± standard deviation of three independent experiments. \*\**P* \< 0.01.](gky214fig1){#F1}

OCC-1 knockdown promotes CRC cell growth both *in vitro* and *in vivo* {#SEC3-2}
----------------------------------------------------------------------

We first assessed the abundance of OCC-1 RNA in six common CRC cell lines by RT-qPCR. The result showed that OCC-1 RNA is abundant in these CRC cells ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). In addition, OCC-1 is predominantly localized in the cytoplasm of Caco-2 and HCT116 cells as revealed by subcellular fractionation ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) and RNAscope FISH experiment (Figure [1B](#F1){ref-type="fig"}). To investigate OCC-1 function, we knocked down OCC-1 by RNA interference using two independent short hairpin RNAs (shRNAs, shOCC-1-1 and -2). OCC-1 RNA level was decreased to 28% and 20% in Caco-2 cells and to 40% and 34% in HCT116 cells, compared to a non-target shRNA control (shCTRL) (Figure [1C](#F1){ref-type="fig"}). Then, we examined the effect of OCC-1 on cell proliferation by CCK-8 assay. The results showed that OCC-1 knockdown significantly increased cell proliferation in Caco-2 and HCT116 cells compared to their control cells (Figure [1D](#F1){ref-type="fig"}). The increased proliferation was also confirmed by Ki67 staining as the proportions of Ki67-positive proliferating cells were significantly higher in OCC-1 knockdown cells (Figure [1E](#F1){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The increase of Ki67-positive cells also suggested that more G0 quiescent cells re-entered the cell cycle upon OCC-1 knockdown, since Ki67 is only expressed in active stages but not in G0 quiescent phase of the cell cycle. We further assessed the cell cycle distribution of OCC-1 knockdown Caco-2 cells using FACS analysis. The result showed that the total size of G0 and G1 cell portion was reduced, and cells in S phase were increased, with no significant change in G2/M phase cell compartment, which indicates that knockdown of OCC-1 also promoted G1 to S cell cycle progression (Figure [1F](#F1){ref-type="fig"}). The decrease of G0 and increase of S phase cells indicated that both G0 to G1 and G1 to S cell cycle transitions were accelerated by OCC-1 knockdown in CRC cells. The continued growth capacity of OCC-1 knockdown cells was also evaluated by colony formation assay. The results showed that the OCC-1 knockdown cells formed more colonies than their control cells (Figure [1G](#F1){ref-type="fig"}), which further confirmed the suppressive role of OCC-1 in cell growth. Furthermore, Transwell assay was performed to test the effect of OCC-1 on cell migration and invasion. However, no significant change in cell migration and invasion ability was observed upon OCC-1 knockdown in both Caco-2 and HCT1116 cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Together, these results suggest that OCC-1 suppresses cell growth by inhibiting both G0 to G1 and G1 to S phase cell cycle transitions in CRC cells.

To test the effect of OCC-1 on cell growth *in vivo*, we performed tumorigenesis assay by subcutaneous injection of OCC-1 knockdown and control cells into the right flanks of nude mice. In the course of tumor development, the volumes of the tumors were measured every 3 days from day 6 after injection and the result showed that tumor growth was accelerated by OCC-1 knockdown in both Caco-2 and HCT116 cells (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). At 27 days post-injection, tumors were dissected, photographed (Figure [2C](#F2){ref-type="fig"}) and weighted (Figure [2D](#F2){ref-type="fig"}). Tumors generated by OCC-1 knockdown cells were significantly bigger and heavier than the tumors of control cells. In addition, cell viability was also increased in the tumors of OCC-1 knockdown cells as determined by Ki67 staining (Figure [2E](#F2){ref-type="fig"}). These results indicate that OCC-1 also promotes CRC cell growth *in vivo*.

![OCC-1 knockdown promoted CRC cell growth *in vivo*. Tumorigenesis assay was performed by subcutaneous injection of OCC-1 knockdown cells into flanks of BALB/c nude mice. (**A** and **B**) Tumor volumes were measured at the indicated days post-injection and tumors were dissected, (**C**) photographed and (**D**) weighted at 27 days post-injection. (**E**) Ki67 staining showed that cell viability was increased in the tumors of OCC-1 knockdown cell (Scale bar, 100 μm). Data are presented as the mean± standard deviation. *n* = 6 for each group. \**P* \< 0.05 and \*\**P* \< 0.01.](gky214fig2){#F2}

Overexpression of OCC-1 RNA suppresses cell growth in OCC-1 knockdown cells {#SEC3-3}
---------------------------------------------------------------------------

OCC-1 was found to encode a small polypeptide with unknown function in human bone marrow-derived mesenchymal stem cells (hMSCs) ([@B31]); however, we did not detect specific endogenous OCC-1 polypeptide in six common CRC cell lines by western blot using three different commercially available antibodies (data not shown), which is consistent with the initial observation in TC7 CRC cells ([@B32]). We constructed a plasmid that expresses a full-length OCC-1 RNA with a FLAG tag fused in-frame to the C-terminal of its potential ORF (FL), a plasmid containing only the ORF-FLAG coding sequence (ORF) and a plasmid expressing a frameshift mutant of FL (FS) in which the ORF is disrupted. When expressed in Caco-2 and HCT116 cells, these three constructs resulted in a similar level of OCC-1 RNAs that were dozens of times higher than that of endogenous OCC-1 ([Supplementary Figure S4A and S4B](#sup1){ref-type="supplementary-material"}, *left*). However, in comparison to the strong signal of the protein product of OCC-1 ORF, FL yielded a faint protein band that was only detectable through over-exposure in western blot experiments using a high affinity anti-FLAG antibody ([Supplementary Figure S4A and S4B](#sup1){ref-type="supplementary-material"}, *right*). These results indicate that the endogenous OCC-1 polypeptide, if presents in CRC cells, is expressed at an extreme low level.

To test whether OCC-1 RNA could function as a lncRNA, we further generated two vectors that express the shOCC-1-1-resistant forms of OCC-1 FL and FS RNA (FL^+^ and FS^+^) by transversion mutation of the central three bases of the shOCC-1-1 target sequences located in their 3′UTR. When transfected into shOCC-1-1 Caco-2 cells, OCC-1 FL^+^ and FS^+^ were successfully expressed to a level similar to that of OCC-1 ORF, which lacks the whole 3′UTR sequence (Figure [3A](#F3){ref-type="fig"}). Similar to OCC-1 FL^+^, OCC-1 FS^+^, the full-length RNA with disrupted ORF, significantly decreased cell proliferation compared to the empty vector (EV) control in OCC-1 knockdown cells as determined by CCK-8 assay, but OCC-1 ORF, which contains only the ORF sequence that produces OCC-1 polypeptide, had no obvious effect on cell proliferation (Figure [3B](#F3){ref-type="fig"}). Meanwhile, the increase of G0/G1 to S phase transition of OCC-1 knockdown cells was also attenuated by OCC-1 FL^+^ and FS^+^, with no inhibitory effect of OCC-1 ORF was observed in FACS analysis (Figure [3C](#F3){ref-type="fig"}). Similarly, re-introduction of OCC-1 RNA by FL^+^ and FS^+^, but not the polypeptide by ORF, reduced the number of cell colonies formed by OCC-1 knockdown cells in colony formation assay (Figure [3D](#F3){ref-type="fig"}). Together, these results demonstrated that OCC-1 can suppress cell growth by acting as a lncRNA in CRC cells.

![Overxpression of OCC-1 RNA suppressed cell growth in OCC-1 knockdown cells. (**A**) RT-qPCR analysis showed that the shOCC-1-1-resistant forms of OCC-1 FL and FS RNA (FL^+^ and FS^+^) were successfully overexpressed in shOCC-1-1 Caco-2 cells. EV, empty vector. (**B**) CCK-8 assay demonstrated that cell proliferation was significantly suppressed by the expression of OCC-1 FL^+^ and FS^+^ RNA but not by the ORF in shOCC-1-1 Caco-2 cells. The fold changes of absorbances at day 4 relative to day 1 were shown. (**C**) FACS analysis revealed the cell cycle distribution of shOCC-1-1 Caco-2 cells after re-introduction of OCC-1 RNAs. (**D**) Colony formation assay showed that the shOCC-1-1 Caco-2 cells expressing OCC-1 FL^+^ and FS^+^ RNA formed less colonies than the shOCC-1-1 cells expressing the ORF and the EV control. Images are the result of one representative experiment. Data are presented as mean± standard deviation of three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.01.](gky214fig3){#F3}

OCC-1 represses the expression of genes involved in cell growth {#SEC3-4}
---------------------------------------------------------------

To gain insight into the molecular function of OCC-1, we profiled the gene expression of Caco-2 cells after OCC-1 knockdown by microarray. The fold change (FC) of gene expression was calculated relative to the control cells, and genes with log~2~\|FC\| \> 0.5 were considered as differentially expressed. The two independent shRNAs, shOCC-1-1 and -2, exhibited similar effect on the gene expression profile, with ∼68% and ∼73% differentially expressed genes (DEGs) overlapped with each other (Figure [4A](#F4){ref-type="fig"}). In total, the expression of 592 genes was disrupted by both shRNAs, and the majority (93%, 554/592) were upregulated, while only 38 genes were downregulated (Figure [4B](#F4){ref-type="fig"}). The fold changes of the DEGs were modest in the OCC-1 knockdown cells, ranging from 0.41 to 2.3. Gene ontology (GO) enrichment analysis of OCC-1-repressed genes revealed that OCC-1 mainly represses regulators of gene expression that function at post-transcriptional and translational level, particularly these associated with RNA splicing and transport (Figure [4C](#F4){ref-type="fig"}). We selected several OCC-1-repressed genes that have been reported to be involved in cancer progression and validated their expression by RT-qPCR. Consistent with the microarray analysis, the result confirmed that the levels of these selected genes were all modestly increased after OCC-1 knockdown (Figure [4D](#F4){ref-type="fig"}). Therefore, we supposed that the upregulation of these cell growth-associated genes is directly responsible for the increased cell proliferation and growth observed in the OCC-1 knockdown cells.

![Knockdown of OCC-1 increased the expression of genes involved in cell growth in Caco-2 cells. (**A**) Venn diagram showing that the differentially expressed genes (DEGs) of these two OCC-1 shRNAs identified by microarray were largely overlapped. (**B**) A heat-map showing the 592 DEGs in Caco-2 cells, with most of the DEGs (93%, 554) were upregulated upon OCC-1 knockdown. (**C**) Gene ontology (GO) enrichment analysis of the 521 GO annotated OCC-1-repressed genes revealed that OCC-1 mainly represses the expression of post-transcriptional and translational regulators in gene expression. (**D**) RT-qPCR validation of the expression changes of several OCC-1-repressed genes that have been implicated in cancer cell growth. Data are presented as mean± standard deviation of three independent experiments. \*\**P* \< 0.01.](gky214fig4){#F4}

OCC-1 RNA associates with HuR protein {#SEC3-5}
-------------------------------------

To explore the noncoding function of OCC-1 in gene expression regulation, we performed RNA pull-down assay using OCC-1 3'UTR as RNA probe to identify its protein partner. HuR, a RBP that positively regulates mRNA stability, was identified and the specific binding was verified by western blot (Figure [5A](#F5){ref-type="fig"}). Furthermore, the association between HuR and OCC-1 was also confirmed in Caco-2 cells by RIP experiment (Figure [5B](#F5){ref-type="fig"}). In a recent study mapping HuR-binding sites using PAR-CLIP (photoactivatable ribonucleoside enhanced crosslinking and immunoprecipitation), OCC-1 was also found to interact with HuR, with all four CLIP HuR-binding sites localized in its 3′UTR (Figure [5C](#F5){ref-type="fig"}) ([@B25]). The 3′UTR of human OCC-1 contains numerous *in vivo* HuR-binding motifs which has been defined as a stretch of three to four Us flanked by an A or C ([@B37]). Moreover, in comparison with other mammals, there are more HuR-binding motifs in OCC-1 3′UTRs in primates, and their distribution tends to be concentrated (Figure [5C](#F5){ref-type="fig"}), indicating that the binding capacity of OCC-1 to HuR may under positive selection during evolution.

![OCC-1 RNA associates with HuR protein. (**A**) RNA pull-down assay followed by western blot confirmed HuR as a protein partner binding specifically to OCC-1 3′UTR. EGFP RNA was used as a RNA control. ACTB and GAPDH are protein controls. (**B**) RIP confirmed the association between OCC-1 and HuR in Caco-2 cells. GAPDH mRNA was used as a non-HuR target control. (**C**) Schematic of the 3′UTRs of OCC-1 orthologues showing the HuR-binding motifs. The HuR-binding sites (HuR CLIP site) identified previously by a CLIP experiment in human OCC-1 3′UTR were also indicated. (**D**) Venn diagram demonstrating the significant enrichment of OCC-1-repressed genes in the set of HuR targets determined by the previous CLIP experiment. About 74% of OCC-1-repressed genes identified by microarray analysis were also HuR targets. (**E**) RIP assay revealed that the mRNAs of the six selected OCC-1-repressed genes also interact with HuR in Caco-2 cells. (**F**) The mRNA and protein level of HuR were markedly reduced by a HuR-targeting shRNA as determined by RT-qPCR (*left*) and western blot (*right*). The density of protein bands was measured by Image J software and the relative level of HuR protein was calculated after normalizing to ACTB protein. (**G**) RT-qPCR analysis revealed that OCC-1 and all six selected OCC-1-repressed genes were downregulated by HuR knockdown. Images are the result of one representative experiment. Data are presented as mean± standard deviation of three independent experiments. \*\**P* \< 0.01.](gky214fig5){#F5}

The CLIP study also defined a set of HuR consensus target mRNAs ([@B25]). Similar to the OCC-1-repressed genes detected by our microarray analysis, most of these HuR targets are mRNAs of gene expression regulators that function at post-transcriptional and translational level. Indeed, we found that the OCC-1-repressed genes are significantly enriched for that set of HuR targets (*P* \< 0.01), with ∼74% (408/554) of OCC-1-repressed genes are also HuR targets (Figure [5D](#F5){ref-type="fig"}), including all these six cancer-related genes that have been selected for RT-qPCR validation. Thus, we further examined whether these mRNAs interact with HuR in Caco-2 cells by RIP assay. As expected, the result showed that all these six selected mRNAs were significantly enriched by HuR IP (Figure [5E](#F5){ref-type="fig"}), suggesting that they are HuR target mRNAs in Caco-2 cells. Then, the effects of HuR on these mRNAs were also tested by knockdown of HuR using a previously validated shRNA, which caused a remarkable decrease in both HuR mRNA and protein level in Caco-2 cells (Figure [5F](#F5){ref-type="fig"}). The levels of these mRNAs were all slightly but significantly reduced after HuR knockdown (Figure [5G](#F5){ref-type="fig"}). Together, these results indicate that most of OCC-1-repressed genes are HuR targets, and OCC-1 could downregulate these mRNAs possibly through its association with HuR protein.

OCC-1 promotes the ubiquitination and degradation of HuR by enhancing its binding to the ubiquitin E3 ligase β-TrCP1 {#SEC3-6}
--------------------------------------------------------------------------------------------------------------------

Given the predominant effect of OCC-1 on HuR target mRNAs, we reasoned that OCC-1 may exert its function through regulating HuR protein. Thus, we first determined the effect of OCC-1 knockdown on HuR mRNA and protein level in Caco-2 cells. In consistence with the result of microarray analysis, OCC-1 knockdown had no evident effect on the HuR mRNA level as determined by RT-qPCR ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}); however, the level of HuR protein was increased upon OCC-1 knockdown (Figure [6A](#F6){ref-type="fig"}). In contrast, overexpression of OCC-1-FL^+^ and -FS^+^ lowers HuR protein level in OCC-1 knockdown cells, while no obvious influence of OCC-1 ORF on HuR protein was observed (Figure [6B](#F6){ref-type="fig"}). These results indicate that OCC-1 RNA could downregulate HuR protein, and this function is mediated by the RNA itself but not dependent on the polypeptide product.

![OCC-1 promotes the ubiquitination and degradation of HuR by enhancing its binding to the ubiquitin E3 ligase β-TrCP1. (**A**) Western blot analysis showed that knockdown of OCC-1 led to the increase of HuR in Caco-2 cells. (**B**) Overxpression of OCC-1 FL^+^ and FS^+^ RNA but not the ORF reduced HuR level in shOCC-1-1 Caco-2 cells. EV, empty vector. (**C**) Cells were treated with CHX to inhibit protein synthesis and the remaining of HuR was measured by western blot in Caco-2 cells after OCC-1 knockdown. The percent of remaining HuR in the CHX treated cells (+) relative to the control cells treated with DMSO (--) was indicated. (**D**) Western blot analysis of HuR in the OCC-1 knockdown cells treated with MG132 (+) or DMSO (--). The density of protein bands was measured by Image J software and the relative level of HuR protein was calculated after normalizing to ACTB protein. (**E**) The OCC-1 knockdown cells were co-transfected with a plasmid expressing a HA-tagged ubiquitin (HA-Ub) and a plasmid expressing a FLAG-tagged HuR (FLAG-HuR). After MG132 treatment, cell lysates were prepared and subjected to IP using an anti-HA antibody. The ubiquitinated FLAG-HuR was further detected by western blot using an anti-FLAG antibody. (**F**) Co-IP experiments showed that the interaction between HuR and the ubiquitin E3 ligase β-TrCP1 was attenuated after OCC-1 knockdown in Caco-2 cells.](gky214fig6){#F6}

Given that the level of HuR protein was modulated, we supposed that OCC-1 may regulate the stability of HuR protein. Thus, we treated cells with cycloheximide (CHX) to inhibit protein synthesis and determined the level of remaining HuR by western blot. The portions of HuR remained in OCC-1 knockdown cells were relative higher than in the control cells (Figure [6C](#F6){ref-type="fig"}), suggesting that HuR protein is more stable upon OCC-1 knockdown. As HuR stability was previously reported to be regulated by the ubiquitin-proteasome pathway ([@B29]), we treated the OCC-1 knockdown cells with MG132, a specific proteasome inhibitor, to block the degradation of proteins through proteasome. MG132 treatment resulted in the accumulation of HuR in OCC-1 knockdown cells to the level comparable to that of the control cells (Figure [6D](#F6){ref-type="fig"}), which demonstrated that HuR is a proteasome substrate, and the relative higher level of HuR in untreated OCC-1 knockdown cells is largely due to the reduction of HuR degradation.

We then measured the ubiquitination of HuR in the OCC-1 knockdown cells co-transfected with a plasmid expressing a HA-tagged ubiquitin (HA-Ub) and a plasmid expressing a FLAG-tagged HuR (FLAG-HuR). The ubiquitinated FLAG-HuR protein was captured by HA IP and detected by western blot using an anti-FLAG antibody. The extent of HuR ubiquitination was reduced markedly in the OCC-1 knockdown cells (Figure [6E](#F6){ref-type="fig"}), which suggests a positive regulatory role of OCC-1 in the process of HuR ubiquitination. Therefore, we further determined the effect of OCC-1 on the binding of HuR to its ubiquitin E3 ligase β-TrCP1, which targets HuR for ubiquitination and degradation ([@B30]). Co-IP experiments showed that knockdown of OCC-1 attenuated the interaction between HuR and β-TrCP1 (Figure [6F](#F6){ref-type="fig"}). Thus, OCC-1 could promote HuR ubiquitination by enhancing the interaction between HuR and E3 ligase β-TrCP1. Together, we reasoned that OCC-1 promotes the ubiquitination and degradation of HuR by enhancing its binding to the ubiquitin E3 ligase β-TrCP1.

DISCUSSION {#SEC4}
==========

LncRNA can have oncogenic or tumor suppressive function. In present study, we revealed that OCC-1 suppresses cell growth both *in vitro* and *in vivo* in CRC. OCC-1 binds to HuR protein and renders HuR susceptible to ubiquitination and degradation, thereby reducing the levels of HuR and its target mRNAs, including the mRNAs that associate with cancer cell growth. We reasoned that OCC-1 exerts its function primarily by modulating HuR protein, as ∼74% of OCC-1-repressed mRNAs are known HuR targets (Figure [5D](#F5){ref-type="fig"}).

OCC-1 was initially identified as a lncRNA in CRC cells ([@B32]), but a polypeptide encoded by OCC-1 was observed in hMSCs with unknown function ([@B31]). In this study, we also did not detect the endogenous OCC-1 polypeptide in six common CRC cell lines with abundant OCC-1 RNA (data not shown). Meanwhile, overexpression of the full-length OCC-1 RNA with a FLAG-tagged ORF (FL) only gave rise to an extremely low level of polypeptide product ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The lack of OCC-1 polypeptide, in some extent, may due to the high GC-content of OCC-1 5′UTR and the highly stable hairpin structure around the initial codon, which would lower the translational efficiency dramatically ([@B38]). In addition, a novel noncoding OCC-1 splice variant (OCC-1D) was also discovered in CRC, in which a 60-nucleotide RNA fragment containing the initial codon of OCC-1 ORF was spliced out ([@B39]). Thus, we supposed that OCC-1 RNA has noncoding function independent of its polypeptide product in CRC cells. In fact, overexpression of the frameshift-mutated full-length OCC-1 RNA (FS^+^) with disrupted ORF in OCC-1 knockdown cells have similar suppressive effect as the full-length RNA (FL^+^), but overexpression of OCC-1 ORF, which produces the polypeptide, has no obvious effect on cell growth (Figure [3](#F3){ref-type="fig"}). Furthermore, we also found that the OCC-1 exerts its function primarily by binding to HuR through its relative long AU-rich 3′UTR, which contains numerous *in vivo* HuR-binding motifs. Taken together, these observations indicate that OCC-1 functions, at least in CRC cells, primarily as a lncRNA.

The oncogenic effect of HuR is mainly attributed to its binding to and stabilization of cancer-associated mRNAs in the cytoplasm ([@B26]). As HuR is predominantly nuclear, the translocation of HuR into the cytoplasm, which is regulated by a nuclear-cytoplasmic shuttling sequence ([@B40]) and several nuclear import proteins ([@B41]), may important for its oncogenic function. In addition, the phosphorylation of HuR, which is mediated by several cancer-related kinases such as Chk2, PKCα and PKCδ, also influence its cytoplasmic localization and RNA binding property ([@B42],[@B43]). Recently, OIP5-AS1, a lncRNA that represses HeLa cell proliferation, was found to regulate HuR function by serving as a sponge that competes for HuR from its target mRNAs ([@B18]). Here, we revealed that OCC-1 regulates the level of HuR protein through promoting its ubiquitination and degradation at post-translational level. Our results introduced an additional mechanism by which HuR is regulated in cancer cells.

To date, a few of lncRNAs have also been found to regulate the post-translational modifications of their binding proteins. NKILA, a lncRNA that suppresses breast cancer metastasis, forms stable complex with NF-κB/IκB and directly masks the phosphorylation motifs of IκB, thereby inhibiting IκB phosphorylation and subsequent NF-κB activation ([@B44]). In contrast, lnc-DC, a lncRNA which is required for human dendritic cell differentiation and function, prevents the transcription factor STAT3 from dephosphorylation by SHP1, a protein tyrosine phosphatase for STAT3, which in turn maintains STAT3 activity ([@B45]). In the case of Lnc-DC-STAT3 interaction, the binding of Lnc-DC attenuated the association between STAT3 and the phosphatase SHP1, thereby preserving the phosphorylated state of STAT3. Thus, the binding of lncRNAs could influence the availability of the modification sites or the association between the post-translational modification enzymes and the target proteins. In present study, we found that OCC-1 promotes HuR ubiquitination by enhancing its binding to it ubiquitin E3 ligase β-TrCP1 (Figure [6](#F6){ref-type="fig"}), which could recognize HuR and catalyze its ubiquitination. As the binding of β-TrCP1 to OCC-1 was not detected in the RNA pulldown assay (data not shown), we proposed that the binding of OCC-1 to HuR could make it more accessible to β-TrCP1. Recently, another lncRNA, lncRNA-LET, has also been found to promote the ubiquitination of another RBP, nuclear factor 90 (NF90)([@B46]). Although the mechanism for lncRNA-LET in regulating ubiquitination is still unknown, our study suggests that this could be a common mechanism for lncRNAs in control of protein levels at post-translational level.

OCC-1 regulates the levels of a large number of mRNAs through modulating HuR in CRC. GO analysis revealed that the OCC-1-repressed genes are mainly enriched for the regulators of gene expression that function at post-transcriptional and translational level ([@B25]). Meanwhile, many of these OCC-1-repressed genes have been found to directly involve in cancer cell growth, such as HNRNPA1 ([@B47]) and HNRNPK ([@B48]), which encode splicing factors, EIF3M ([@B49]) and EIF4E ([@B50]), which encode eukaryotic translation initiation factors, and mitotic division-associated genes MAD2L1 ([@B51]) and NEK2 ([@B52]). We reasoned that the upregulation of these genes is directly responsible for the increased cell growth in OCC-1 knockdown cells. Until now, only one type of lncRNAs, half-STAU1-binding site RNAs (1/2-sbsRNAs), was reported to have the ability to regulate the levels of a large number of mRNAs at post-transcriptional level ([@B53]). 1/2-sbsRNAs contain Alu repeat elements which duplex with the mRNAs that have homogenous Alu elements in their 3′UTRs and lead the mRNAs to staufen 1-mediated mRNA decay. In this study, we revealed that OCC-1 can also regulate a large number of mRNAs through modulating HuR ubiquitination and degradation, which also demonstrates the extensive regulatory effects of lncRNAs on mRNA homeostasis.

In summary, here we found that OCC-1 suppresses cell growth through inhibition of G0 to G1 and G1 to S phase cell cycle transitions as a lncRNA in CRC. OCC-1 binds to HuR and promotes its degradation, thereby reducing the levels of HuR protein and its target mRNAs, including these mRNAs directly associated with cancer cell growth. Our study suggests that lncRNA can regulate the levels of a large number of mRNAs at post-transcriptional level through modulating RBP ubiquitination and degradation, and that modulation of protein ubiquitination could be a common mechanism for lncRNA in control of protein level at post-translational level.
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